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Hydroxyapatite (HA) co-doped with Zn2þ and F ions was synthesized by precipitation method for the ﬁrst time in this study. FTIR
spectroscopy revealed Zn2þ and F ions incorporation into HA structure. Co-doping of Zn2þ and F ions decreased unit cell volume of HA and
decreased grain sizes. Zn2þ or 5 mol% F addition into HA signiﬁcantly improved its density. Microhardness was increased with Zn2þ addition
and further increase was detected with F co-doping. Zn2þ and F co-doped samples had higher fracture toughness than pure HA. Zn2þ
incorporation to the structure resulted in an increase in cell proliferation and ALP activity of cells, and further increase was observed with 1 mol%
F addition. With superior mechanical properties and biological response 2Zn1F is a good candidate for biomedical applications.
& 2014 Chinese Materials Research Society. Production and hosting by Elsevier B.V. All rights reserved.
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HA is a ceramic compound which is the main constituent of
the inorganic part of the bone structure. It has the chemical
formula of Ca10(PO4)6(OH)2. There are two different crystal
structures of synthetic HA (monoclinic and hexagonal). Both
of these structures are closer to the mineral phase of the bone.
However, monoclinic HA crystal structure, the most ordered
and thermodynamically stable form, can be obtained only at
very high temperatures [1]. It also shows more stoichiometric
structure compared to hexagonal HA. HA has different
mechanical properties in different ranges depending on the
sintering temperature and duration used [2]. Compressive
strength between 133 and 193 MPa, bending strength between/10.1016/j.pnsc.2014.06.004
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r (Z. Evis).38 and 250 MPa and tensile strength between 49 and 174 MPa
have been reported for HA in literature [2,3]. These results
were also affected by porosity, impurity and test directions
according to the bone axis etc. Modulus of elasticity had a
range from 11.5 to 27 GPa showing that HA is a brittle
material [3,4]. Low fracture toughness values are also the
indicator of the brittleness of HA [5]. The fracture toughness
for HA was reported between 0.6 and 1 MPa m1/2, whereas
these values are between 2 and 12 MPa m1/2 for bone [6,7].
HA is a biocompatible and bioactive material that can make
chemical bonds with bone [8]. Improvement of biological and
physicochemical properties of HA can be achieved by doping
with ions that are usually present in natural apatites of bone.
Most natural apatites are non-stoichiometric because of the
presence of minor constituents such as cations (Mg2þ , Mn2þ ,
Zn2þ , Naþ , Sr2þ ) or anions (HPO4
2 or CO3). Hexagonal HA
structure enables some ionic substitutions according to charge
type, charge size and ionic radii. These substitutions change
structural, mechanical and biological properties of HA [9].
Zn ion has þ2 charge and can be incorporated to the HAElsevier B.V. All rights reserved.
Table 1
Naming, percentages of doping by mole and Ca/P ratio for prepared samples.
Sample name Mole % Zn2þ Mole % F Ca/P
Pure 0 0 1.67
2Zn 2 0 1.63
2Zn1F 2 1 1.63
2Zn2.5F 2 2.5 1.63
2Zn5F 2 5 1.63
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decreased the grain sizes and increased the solubility of pure or
carbonated HA [10,11].
Zn doping of HA is of major interest because biological
tissues like bone and enamel of human teeth are composed of
HA containing zinc. This crucial element has an important role
in the activity of many enzymes and its uptake and release are
strongly mediated by the bone reservoir in the body [12].
Additionally, antibacterial and antifungal effects of Zn doped
HA against Escherichia coli, Staphylococcus aureus and
pathogen yeast Candida albicans were also documented in
solid and liquid media [13]. Moreover, Zn–HA nano-rods
presented improved performance to decrease oral cavity
bacteria [14].
Its stimulatory effect on bone formation and mineralization
has been reported with in vivo and in vitro studies [15,16].
Zn2þ doped HAs were synthesized to investigate their anti-
microbial characteristics, microstructure, sintering behavior,
and in-vivo responses [17–21]. It was shown that Zn incor-
poration into implants promotes bone formation around the
implant and decreases the inﬂammatory response [16,22].
It was also reported that Zn2þ ion results in osteoclastic
inhibition [23]. Low amount of Zn2þ doping is favored due to
cytotoxic effects of high amounts of Znþ2 doping [24].
Moreover, high amounts of Zn2þ doping (up to 15–20 mol%)
inhibits HA phase formation [25]. Surface characteristics
of HA were also investigated in the presence of Zn2þ ions [26–
28]. Zn2þ doped HAs were coated on metals to investigate the
surface microstructure, porosity, and cell responses etc. [29–31].
Zn2þ including HAs with other systems were also synthesized
as composite, microsphere, and scaffold [32–34].
F ion can also be incorporated to HA structure and it
competes with OH ion. F addition resulted in a decrease in
solubility and an increase in density of HA after sintering.
Improvement in strength and hardness by two or four fold was
detected with F addition as well as improvement in crystal-
linity [35]. F effects on cell proliferation and attachment
were reported in several studies [29,52]. The investigations
showed that F doping of HA could improve the biological
properties (i.e. cell attachment, proliferation, functionality) of
HA if the level of doping was done at optimum levels (0.4 mol
F/1 mol HA) [36,37]. In study of Wang et al., it was reported
that osteoblast-like MG63 cells spreaded on surface of
ﬂuoridated samples with their ﬁlopodium and lamellipodium
which was the indicator of good cell viability and good cell-
biomaterial interactions [38].
HA co-doped with Zn2þ and F ions was synthesized
by precipitation method for the ﬁrst time in this study. The
synthesized samples were sintered at 1100 1C for 1 h. The
changes in structural, mechanical and biological properties
of HA were investigated after co-doping of F and Zn2þ ions.
Moreover, the effect of F amount on Zn2þ doped HA
was investigated. There are several studies that investigated
the effect of Zn2þ and F on HA structure separately.
However, this study is the one which combines the effects
of these two ions on structural, mechanical and biological
properties of HA.2. Experimental
2.1. Preparation of pure and doped HA
HA was synthesized by solution precipitation method in this
study [39]. To synthesize pure HA, calcium nitrate tetrahydrate
(Ca(NO3)2  4H2O, Merck, Germany) and diammonium hydro-
gen phosphate ((NH4)2HPO4, from Merck, Germany) powders
were dissolved in distilled water separately by adjusting the
amounts to obtain theoretical Ca/P ratio of 1.67. After 1 h
stirring, ammonia solution (NH4OH, from Merck, Germany)
was added to the (NH4)2HPO4 solution to bring the pH to a
value between 11 and 12. After 10 min of stirring, Ca(NO3)2 
4H2O solution was added to the ammonia and (NH4)2HPO4
solution mixture. At the same time with addition of Ca
(NO3)2  4H2O solution, ammonia solution was also added drop
wise to adjust the pH level between 11 and 12. The reaction
begins as Ca(NO3)2  4H2O solution is added to the ammonia
and (NH4)2HPO4 solution mixture. A milky solution appears
with the ﬁrst drop of addition of Ca(NO3)2  4H2O solution.
After stirring for 2 or 3 h, the mixture was heated until it boiled.
The boiling step is required for decreasing pH, which triggers
re-precipitation reaction. The re-precipitation reaction removes
the remaining particles of TCP which is a more stable phase
than HA. This is true only when the temperature is higher than
1150 1C, otherwise HA is a more stable phase than TCP.
After 10 min of boiling the heater was turned off and the
mixture was left for stirring overnight at room temperature.
After 1 day of aging, the mixture was ﬁltered using a vacuum
ﬁlter. The obtained wet cake was left for drying overnight at
200 1C for removal of excess water and ammonia. Dried
powder was then sintered at 1100 1C for 1 h. For Zn2þ and F
doped samples, zinc nitrate hexahydrate (Zn(NO3)2  6H2O,
from Riedel-deHaën, Germany) was added to Ca(NO3)2 
4H2O precursor for Zn
2þ doping and ammonium ﬂuoride
(NH4F, from Aldrich, Germany) was added to (NH4)2HPO4
precursor for F doping. The rest of the process was the same
as the process followed for pure HA synthesis. Table 1
represents the synthesized samples with their ion addition
amounts.2.2. Characterizations
For density measurements, Archimedes method was used.
Dry weight and the weight in distilled water were measured,
respectively. By using the formula below, the density of the
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Densityðg=cm3Þ ¼ WtðairÞ
WtðairÞ WtðwaterÞ
 ρðwaterÞ ð1Þ
Relative densities of the samples were calculated by using
the theoretical density of pure HA which is 3.156 g/cm3.
Rigaku DMAX 2200 device was used for X-ray diffraction
(XRD) analysis. Cu-Kα radiation at 40 kV/40 mA was used for
XRD analysis. The samples were scanned from 201 to 701 in
2θ with a scan speed of 2.0o/min. Joint Committee on Powder
Diffraction Standards (JCPDS) ﬁles were used to compare the
positions of diffracted planes. The phases present in the
samples and lattice parameters “a” and “c” were analyzed by
using Rietvelt analysis method with the aid of the General
Structural Analysis System (GSAS) computer program. The
hexagonal unit cell volume was calculated by using the
formula below [40];
V ¼ 2:589 ða2Þ  c ð2Þ
The bonds formed in the doped and pure HAs were
observed by FTIR spectra. The samples were prepared for
FTIR spectra analysis by mixing potassium bromide (KBr)
with them with a 1 to 100 weight ratio. Then, prepared powder
mixtures were dried in vacuum by freeze dryer for 1 day.
Samples were cold pressed at 1200 psi for 8 min to obtain the
transparent pellets. Spectra of the samples were obtained from
4000 to 400 cm1 using a 100 scan at 4 cm1 resolution on
Spectrum One Spectrometer (Perkin Elmer, Norwalk, CT,
USA). Results were investigated by using the software
Spectrum One of Perkin Elmer. Three different spectra were
obtained for each sample and average of these three spectra
was used in this study.
SEM images of the samples were obtained with a JEOL
JSM-6400 microscope (JEOL Ltd., Japan) at a voltage of
15 kV to observe the morphology of the samples. 30,000
magniﬁcation was used to display images. Backscattered
electron mode was used. Grain sizes were calculated from
SEM images by intercept method. Grain sizes from SEM
images were determined using following formula [41]:
Gav ¼
L
N M ð3Þ
In this formula Gav is average grain size; L is the circumfer-
ence of the circle (20 cm); N is the number of intersections along
circumference line and M denotes magniﬁcation.
The micro-hardness of the samples was determined by a
Vickers micro-hardness tester (HMV-2, Shimadzu, Japan).
After the samples were polished, a diamond indenter was
applied with a load of 200 g for 20 s onto the surface of the
samples. The microhardness of the samples was determined by
measuring the diagonal indent shape formed after the indenta-
tion. Following formula was used to determine the micro-
hardness values;
HV ¼ 0:001854 P
d2
ð4Þ
where; HV is Vickers hardness in GPa; P is applied load in N
and d is diagonal indent length in mm.Fracture toughness can be calculated from the cracks
generated by the indentions applied during the micro-hardness
test by using two different approaches depending on the a/c
ratio. In the ratio a/c, “a” represents the distance from the center
of the indention to the tip of the diamond shape and “c”
represents the distance from the center of the indention to the tip
of the micro crack that appears from the tip of the diamond
shape. Halfpenny shape cracks were formed when the ratio of
c/a was greater than 3, whereas the Palmqvist shaped was
observed when the ratio of c/a was less than 3. For Halfpenny
shaped cracks, the Evans and Charles equation was used to
calculate the fracture toughness [40]:
K1c ¼ 0:0824
P
C1:5
ð5Þ
where, P is applied load in N and C is the crack length in m.
For Palmqvist shape crack, Palmqvist equation was used for
the calculations of fracture toughness [42]:
K1c ¼ 0:035
H0:6E0:4
ϕ0:6
 
 aðcaÞ0:5
 
ð6Þ
where H represents hardness, E represents Young’s Modulus
and ϕ is the coefﬁcient related to the material constraint ðϕﬃ3Þ.
2.3. Cell culture studies
Saos-2 cell line was used for in vitro cell culture experi-
ments. Alamar Blue™ dye reduction assay was used to study
cell proliferation (n¼4). 1 105 number of cells was seeded
on each disc. Disks were placed separately to wells of 24 well
plates. Cells were incubated at 37 1C in a carbon dioxide
incubator (Shel Lab, USA). Differentiation medium (90% high
glucose DMEM without phenol red and 10% FBS supple-
mented with 0.47 mM ascorbic acid, 7.96 mM -glycerolpho-
sphate and 0.8 mM dexamethasone) was used as culture
medium. The viability assay was conducted at days 3, 7 and
15. Culture medium was refreshed every three days. After
decanting culture medium, the cells were washed with
phosphate buffered saline (PBS) once and Alamar Blue™
solution (10% Alamar Blue™ reagent in DMEM without
phenol red) was added. After 4 h of incubation, the medium
in each well was collected and ﬂuorescence was read (excita-
tion at 525 nm and emission at 580 nm) in a ﬂuorimeter
(Modulu 9200, Turner Biosystem, USA). After the media were
collected, cells were washed with PBS once and differentiation
medium was added for further culturing.
Alkaline phosphatase activity measurement (ALP), an early
bone differentiation marker, was conducted to determine the
effects of composition and incorporated ions on osteogenic
differentiation of these cells on discs. For ALP activity
measurements, 5 104 cells/disc were seeded on discs and
the discs were incubated in osteogenic differentiation medium
for 15 days. At days 7 and 15, the cell lysates were obtained by
bursting cells with freeze and thaw cycles in 600 ml of PBS
containing 0.1% Triton X-100, 0.1% v/w sodium azide and 1%
protease inhibitor. The plate was kept on ice for 30 min and
then thawed. 20 ml lysate and 100 ml p-nitrophenyl phosphate
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37 1C for 30 min. Then, the absorbance at 405 nm was read by
a microplate spectrophotometer (mQuant MQX200, Biotek,
USA). The amount of p-nitrophenol produced was determined
using the calibration curve constructed with known concentra-
tions of p-nitrophenol. BCA assay was done to determine the
total protein amount in the lysates for the normalization of
Alkaline Phosphatase Activity. Shortly, 1 ml Cu2SO4 solution
(2 g cupric sulfate in 50 ml water) was mixed with 50 ml
bicinchoninic acid solution to prepare the working reagent
solution. 1 ml of the working solution and 50 ml cell lysate
were incubated at 37 1C for 30 min. The absorbances of the
samples were measured at 562 nm by microplate spectro-
photometer (mQuant MQX200, Biotek, USA). The total
protein amount was determined using the calibration curve
constructed with known concentrations of bovine serum
albumin (BSA) (0–1.2 mg/ml).
Cell morphology on discs was studied by SEM at ﬁrst day. 2
samples from each composition were prepared for SEM
analysis. 1 105 cells were seeded on discs and cultured in
differentiation culture medium for 1 and 15 days. The cells
were ﬁxed with 2.5% gluteraldehyde in PBS solution. After
2 h of ﬁxation, the discs were rinsed with cacodylate buffer
with (0.155 M, pH 4.7) for 1 min. Then, the samples were
rinsed with increasing concentrations of ethanol for 5 min.
To increase the conductivity in SEM application, the disc
samples were immersed in hexamethyldisilazane solution for
20 min. Then, the solution was pulled out and discs were kept
at þ4 1C until analysis. For further increase in conductivity,
the discs were coated with lead by precision etching coating
system (PECS) (Gatan 682, USA).
3. Results and discussion
3.1. Structural analyses
Zn2þ addition increased the density of pure HA in agreement
with literature [43,44] (Table 2). A slight decrease in the density
of the samples was observed with 1 mol% and 2.5 mol%
F addition to 2 mol% Zn2þ doped HA. However, a signiﬁcant
increase was seen as the F amount was increased. Thermal
stability of HA increased with the increase in the F content
as reported in literature [45]. As the sintering temperature
increased, other phases different than HA appeared. However,Table 2
Sintered density, relative density, weight fractions of HA and CaO phases and
grain size for prepared samples.
Sample
ID
Sintered
density
(g/cm3)
Relative
density
(%)
Weight
fraction of
HA phase
Weight
fraction of
CaO phase
Grain size (nm)
by intercept
method
Pure 2.902n 91.9 0.993 0.007 238
2Zn 3.056 96.8 0.997 0.003 330
2Zn1F 3.048 96.6 1.000 0.000 263
2Zn2.5F 3.052 96.7 1.000 0.000 208
2Zn5F 3.123n 99.0 1.000 0.000 333
npo0.1 For unpaired t test by using GraphPad Software, USA.ﬂuoridated samples had one phase, which is HA [46]. This
means that F ion increases the stability of HA resulting in a
decrease in dissolution rate and an increase in density. The bond
between F and OH also decreased the rate of diffusion,
which increased the density [47]. F addition in 2 mol% Zn2þ
doped samples gave nearly the same results with 2 mol% Zn2þ
doped samples for 1 mol% and 2.5 mol% addition of F ion.
However, as the F amount addition increased to 5 mol%, the
density increased signiﬁcantly. The sample with the highest
density was 2Zn5F.
Fig. 1 shows the XRD patterns of reference pattern and
samples. All samples had speciﬁc peaks of HA when compared
with HA reference pattern. The formation of the second phase
other than HA is not expected because of nanocrystalline HA is
stable up to 1300 1C [48,49]. In this study, HA was obtained by
sintering the samples at 1100 1C. As expected, no other phases
were detected except insigniﬁcant amount of CaO phase. This is
due to the fact that Zn2þ incorporation into HA hexagonal
structure results in detachment of some Ca2þ ions, which can
form CaO phase [50]. The weight fractions of CaO and HA
phases were analyzed more precisely by Rietvelt analysis by
using GSAS (Table 2). It was observed that Zn2þ addition
decreased the weight fraction of CaO phase. CaO phase was not
detected in Zn2þ and F co-doped samples. This was the
indicator of the fact that co-doping of Zn2þ and F ions
increased the stability of the system and inhibited the formation
other phases such as α-TCP and β-TCP. Therefore, incorpora-
tion of these ions eventuate smoothly. Moreover, it is known
that the decomposition reaction below occurred at sintering
temperatures higher than 1150 1C [51].
Ca10(PO4)6(OH)2-3Ca3(PO4)2þCaOþH2O (7)
Sintering temperature used in this study is closer to the
1150 1C. Therefore, it is possible that in some compositions,Fig. 1. X-ray diffraction patterns of (a) HA reference (JCPDS#: 9-432),
(b) pure HA, (c) 2Zn, (d) 2Zn1F, (e) 2Zn2.5F, (f) 2Zn5F.
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reaction occurred. In this study, pure HA decomposed more
than 2 mol% Zn2þ doped HA. However, due to increase in
stability by co-doping of Zn2þ and F ions, no other phase
formation was seen.Table 3
Hexagonal lattice parameters, unit cell volumes of all samples.
Compound name a (Å) c (Å) Δa (Å) Δc (Å) V (Å3) ΔV (Å3)
Pure 9.4349 6.8926 0.0000 0.0000 1588.5 0.000
2Zn 9.4314 6.9006 0.0035 0.0080 1589.2 0.669
2Zn1F 9.4161 6.8875 0.0188 0.0051 1581.0 7.489
2Zn2.5F 9.4054 6.8882 0.0295 0.0044 1577.6 10.892
2Zn5F 9.4029 6.8910 0.0320 0.0016 1577.4 11.119
Fig. 2. SEM results of (a) pure HA; (b) 2Zn; (c) 2Zn1F; (d) 2Zn2The lattice parameters “a” and “c” were also calculated by
Rietvelt analysis (Table 3). Zn2þ addition decreased the lattice
parameter “a” of pure HA. In the crystal structure of HA,
Zn2þ can be placed into three positions. These are Ca(I), Ca
(II) and P positions [52]. The ionic radius of these ions are
0.99 Å for Ca2þ , 0.31 Å for P5 and 0.74 Å for Zn2þ ,
respectively [53]. The Ca(I) atoms formed octahedral structure
with their O2 atoms [43,54]. On the other hand, Ca(II) atoms
formed tetrahedral structure with O2 atoms. The tetrahedral
structure requires less energy of formation. P5 ion also forms
tetrahedral structure. However, the difference in ionic radius
and charge Zn2þ ion is more likely to replace Ca2þ ions.
Between Ca(I) and Ca(II), Zn2þ ion prefers Ca(II) ion to
replace due to less energy of formation because of its
tetrahedral structure. Zn2þ has smaller ionic radius than that
of Ca2þ . Therefore, it was expected that Zn2þ decreased the.5F; (e) 2Zn5F (Scale bar is 2 μm, magniﬁcation is 30,000 ).
Fig. 3. FTIR absorbance spectra of 2 mol% Zn2þ doped HA in 4000–
400 cm1 region. FTIR absorbance spectra of Pure HA, 2 mol% Zn2þ doped
HA, 2 mol% Zn2þ and 1 mol% F doped HA, 2 mol% Zn2þ and 2.5 mol%
F doped HA and 2 mol% Zn2þ and 5 mol% F doped HA, in 3600–
3320 cm1 region.
I. Uysal et al. / Progress in Natural Science: Materials International 24 (2014) 340–349 345parameters “a”, “c” and unit cell volume [55]. However, it was
more likely to have a decrease in parameter “a” and unit cell
volume and increase in the parameter “c” [52]. When the
lattice parameters in this study were investigated, it can be said
that there was no signiﬁcant difference in parameter “a” after
Zn2þ addition. However, as expected, the parameter “c”
increased. This difference was reﬂected as increase in unit
cell volume which was an unexpected result. This stemmed
from the fact that Zn2þ ion can incorporate not only Ca(II) site
but also Ca(I) site in the same structure. In this structure, most
of Zn2þ ions replaced Ca(II) site. Some of the ions may
replace Ca(I) and P site also. F and Zn2þ co-doping
decreased the parameter “a” signiﬁcantly. This was due to
the fact that F and Zn2þ ions had smaller ionic radius than
OH and Ca2þ ions have [56].
F addition into 2 mol% Zn2þ doped HA decreased the
parameter “a” and “c” when compared with pure HA. As the
amount of F increased in the structure, the parameter “a”
decreased and the parameter “c” increased. F ions replaces
OH ion in the HA structure. The ionic radius of F and
OH ion are 1.31 Å and 1.35 Å, respectively [56]. F ion has
higher electronegativity than that of OH . The decrease in
parameter “a” stemmed from the low ionic radius and high
electronegativity of F ion [47]. Therefore, the decrease in
lattice parameter “a” was an expected result [56,57]. More-
over, F ion positions are very close to the “O” atom position
in OH ion. Therefore, no change in c-axis was expected
[9,35,46]. However, a slight increase in parameter c was
detected in a previous study [58]. This was due to 0.05
difference in z positions between “O” atom and “F” atom. Unit
cell volumes of the samples were also calculated. Zn2þ
addition increased the unit cell volume of HA. However,
Zn2þ and F co-doping resulted in sharp decrease in unit cell
volumes of HA. As the F amount increased the unit cell
volumes of the samples decreased.
The surface morphologies of samples are represented in
Fig. 2. Grain sizes of the samples were calculated by intercept
method from SEM images and the results are presented in
Table 2. Grain sizes were between 333 and 208 nm with the
highest value observed for 2Zn5F. Zn2þ addition increased the
grain size of pure HA. Co-doping of Zn2þ and F ions also
increased the grain size of pure HA.
In FTIR spectra analyses, (PO4)
3 and OH related bands
speciﬁc for HA were observed in all samples (Fig. 3). The
band observed at 3570 cm1 in spectra of the samples is
assigned to the stretching vibration of OH ion structure. As
the F amount increased in the samples, the intensity of the
peaks at 3570 cm1 decreased [46,47]. This is due to
replacement of F ions in OH ion sites in the HA structure
[59]. These results are also evidence of successful incorpora-
tion of F ion into the HA structure. Another important band
at 3543 cm1 corresponds to the bond OH…F and appeared
only in F doped samples. Moreover, it was found that as the
F amount increased in the samples, the area under the band at
3543 cm1 increased (data not shown). The band at 3403 cm1
was assigned to O–H stretching vibration. Therefore, the
observation of this band stems from the fact that there are freehydroxyl groups due to incorporation of Zn2þ ion. The bands at
1091, 1044 and 959 cm1 correspond to the ν3, ν3 and ν1
vibrational modes of (PO4)
3 bond and are the evidence of
formation of HA with the precipitation method successfully. The
bands between the wavenumbers 719 cm1 and 727 cm1
corresponded to the bond between OH…F. There was also an
increase in the area under the band at 719 cm1 with F
addition. An increase in the concentration of F functional
group in HA structure caused the increase in the area under the
band at 719 cm1 [60]. The band at 719 cm1 is the evidence of
successful addition of F ion into the HA structure. As the F
ion concentration in the structure increased, the replacement with
OH ion increased. The replacement with OH ion decreased
the concentration of OH ion in the HA structure which resulted
in decrease in intensity and the area under the band at 635 cm1.
However, the change under the area of OH stretching band was
more signiﬁcant than the change the area under OH librational
band. The bands at 600 cm1 and 567 cm1 were assigned to
(PO4)
3 with vibrational mode of ν4 [61]. Moreover, another
band related with (PO4)
3 group was detected at 474 cm1
which was related with the vibrational mode of ν2 [62]. There
were no signiﬁcant difference between the intensities of the
bands at 600, 567 and 474 cm1 for all samples. Therefore, it
can be concluded that (PO4)
3 related bands were not affected
by Zn2þ and F addition. These three (PO4)
3 related bands at
600, 567 and 474 cm1 were also the indicator of formation of
HA structure with the solution precipitation method successfully.
A small band at 433 cm1 was assigned to Zn–O symmetrical
stretching band in Zn2þ containing samples. Similarly, a strong
band at 3471 cm1 was assigned to metal–OH stretching mode
in another study. However, the metal was not discriminated and
assigned to one of the metal ions among Mg2þ , Zn2þ and Al3þ
[63]. The bands at 1091, 1044 and 959 cm1 correspond to the
ν3, ν3 and ν1 vibrational modes of (PO4)
3 bond. The bands
between the wavenumbers 719 cm1 and 727 cm1 corre-
sponded to the bond between OH…F. F addition resulted in
shifts to the higher wavenumbers at 719 cm1. The area under
the band at 719 cm1 was also calculated for F doped samples.
Fig. 4. Cell proliferation on HA and doped HA discs determined by Alamar
Blue™ Assay. (* andþdenote po0.1, # denotes po0.05 for independent
Student t test by using SPSS-15.0 Software, USA).
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the band at 719 cm1 with F addition. OH librational mode
was observed at 635 cm1 for 2 mol% Zn2þ doped HA whereas
the pure HA had the same band at 632 cm1 [59]. Moreover, the
intensity of OH librational band decreased with addition of
F ion. The bands at 600 and 567 cm1 were related to
(PO4)
3 with vibrational mode of ν4. Another band correspond-
ing to the vibrational mode of ν2 of (PO4)
3 group was detected
at 474 cm1 [62]. A small band was observed at 433 cm1 in
Zn2þ containing samples [64].
3.2. Mechanical properties
Microhardness and fracture toughness of the samples are
represented in Table 4. Pure HA had the microhardness value
of 5.826 GPa. Zn2þ addition slightly decreased the micro-
hardness of pure HA [43,65]. However, F addition into 2 mol%
Zn2þ doped HA increased microhardness. As F amount
increased the microhardness of the samples was improved.
2Zn2.5F and 2Zn5F samples give higher values than pure HA
and 2Zn (Table 4). This is due to the fact that F decreased the
porosity of the samples which resulted in more compact and hard
structure [35]. Moreover, the high afﬁnity between F and OH
ions played an important role in formation of this compact
structure [47]. Fracture toughness of pure HA was found as
1.121 MPa m1/2. Zn2þ addition also decreased the fracture
toughness of pure HA. However, doping of F increased the
fracture toughness. With Zn2þ and F addition the material
becomes resistant to fractures when compared to pure HA and
2Zn although Zn2þ decreased the fracture toughness of pure HA
alone. The reason for this increase was explained as the decrease
in porosity of ﬂuoridated samples [35,46].
3.3. In vitro biocompatibility studies
The biocompatibility of the samples were investigated with
in vitro cell culture studies. The viability, proliferation and
morphology of seeded cells were studied. ALP activity of
cells, as a marker for osteoblastic differentiation, were also
investigated for testing functionality of the cells. All these data
were used for evaluating the potential of HA based materials
for biomedical applications. Zn2þ doped samples gave higher
cell proliferation rates than that of pure HA at day 3 which was
in agreement with the work of Jallot et al. [66]. Although theTable 4
Vickers microhardness and fracture toughness of the samples sintered at
1100 1C for 1 h.
Compound name Vickers microhardness
(Gpa)
Fracture toughness
(MPa m1/2)
Pure 5.8370.06þ 1.1270.16
2Zn 5.7670.17n 1.0570.10
2Zn1F 5.7770.20# 1.1570.05
2Zn2.5F 6.0670.24 1.0070.01
2Zn5F 6.2670.17n,#,þ 1.2370.16
# and * Denote po0.1,þdenotes po0.05 for unpaired t test by using
GraphPad Software, USA.cell proliferation at days 3 and 7 are nearly the same. A slight
decrease in the cell viability was observed for all samples
except pure HA and 2Zn1F at day 7 (Fig. 4). This could be due
to reaching conﬂuency on these discs and changing state from
proliferation to differentiation state as reported by other studies
[48,67]. Further increase in F content decreased the meta-
bolic activity of the cells on these discs and an evident time
dependent decrease in the viability of cells was observed for
these groups. The Zn2þ amount used in the current study was
also in the range 0.6 and 1.2 wt% which was stated as the
range for observing high cell proliferation rates in literature
[15]. When the viability of the cells on doped discs was
compared with that of pure HA at different time periods, no
signiﬁcant differences were observed showing that dopants did
not cause any cytotoxic effect. It can be suggested that all
groups were biocompatible. Time dependent decrease in the
viability of the cells could be explained by either probable cell
death or decrease in cell viability due to reaching high cell
density on discs or cells being captured in mineralized matrix
that they produced. F addition to 2 mol% Zn2þ doped HA
also resulted with an increase in the proliferation of cells
(Fig. 4) when compared with pure HA. It was the indicator of
the fact that OH ions had binding sites for cell attachment
and F ions in culture medium stimulated cell attachment [68].
In Fig. 5, alkaline phosphatase (ALP) activities of the cells
seeded on pure and doped HA discs are presented. It was
observed that at day 7, ALP activities of cells were higher thanFig. 5. ALP Activity results at day 7 and 15. (*,þand ¤ denote po0.1, # and
§ denote po0.05 for independent Student t test by using SPSS-15.0
Software, USA).
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might indicate that the cells on these discs switched to the next
differentiation state with the down regulation of the ALP gene
[38,69]. It was also observed that 2 mol% Zn2þ addition alone
increased the ALP activity signiﬁcantly both at days 7 andFig. 6. SEM images of (a) pure HA; (b) 2Zn; (cwhich was also in agreement with literature [15,66]. 1.5 and
2-fold higher ALP activity observed for 2Zn and 2Zn1F
groups were also in agreement with the viability results
(Fig. 4). 2Zn1F gave the highest ALP activity result. However,
further increase in F content in the samples decreased the) 2Zn1F; (d) 2Zn2.5F; (e) 2Zn5F after 24 h.
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period. The samples with 5 mol% F content showed a
decrease in ALP activity of the cells both at days 7 and 15
[47]. Smaller grain size resulted in better attachment of the
cells hence higher ALP activity [25,47]. In this study, the
highest grain size corresponded to the pure HA with the value
0.191 mm and all Zn2þ doped samples had lower grain sizes
(i.e., 0.183 mm for 2Zn, 0.176 for 2Zn1F, 0.166 for 2Zn2.5F
and 0.188 for 2Zn5F) than that of pure HA. Moreover, ALP
activity of the Zn2þ doped samples had higher results than
pure HA except 2Zn2.5F. 2Zn2.5F had the lowest grain size
and ALP activity among the samples. It was also reported that
grain sizes smaller than a certain given limit may affect the
ALP activity negatively [48]. In the current study this limit
was 0.176 mm.
Fig. 6 represents the morphologies of cells on discs after 1
day of incubation. SEM images showed that seeded cells were
spread on 2Zn and 2Zn1F on discs extensively at day 1, which
is an indicator of good cell attachment. On pure HA and
2Zn2.5F discs, cells were about 10 mm and cuboidal whereas
on 2Zn5F, cells were about 20 mm and had dendritic shapes.
However, on 2Zn and 2Zn1F discs, it was observed that the
cell diameters reached to about 50 mm and they also had
dendritic shapes.
Saos-2 cells seeded on pure HA and 2Zn2.5F discs had few
ﬁlapodium, which indicates poor cell attachment. The cell
morphologies observed for other Zn2þ included samples sup-
ported the study of Xue et al. [70]. Similarly, in a study by Miao
et al., SEM observations showed that human osteoblast-like
MG63 cells had dendritic shapes and a diameter of 50 mm on
Zn2þ doped samples [12]. The group observed spherical cell
bodies on the samples without Zn2þ with SEM [15].4. Conclusions
In this study, HA and HA doped with Zn2þ (2 mol%) and
F (1 mol%, 2.5 mol% and 5 mol%) ions were synthesized by
precipitation method and they were sintered at 1100 1C for 1 h.
HA co-doped with Zn2þ and F ions was synthesized for the
ﬁrst time in the literature. Co-doping of Zn2þ and F ions
highly improves the density, microhardness and fracture tough-
ness of pure HA. Zn2þ incorporation to the structure resulted
with an increase in cell proliferation and ALP activity of cells
and further increase was observed with 1 mol% F addition.
With superior mechanical properties and biological response
2Zn1F is a good candidate for biomedical applications, espe-
cially in osteoporosis treatment because of the noteworthy effect
of Zn2þ ion on osteoclasts.References
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